Abstract. The fixed-core stochastic variational method has been used to demonstrate the existence of an electronically stable ground state for potassium positride, KPs, with a binding energy of 0.003 275 Hartree. The 2γ annihilation rate of 2.001 × 10 9 s −1 was almost the same as the annihilation rates computed previously for LiPs and NaPs. Analysis of the radial expectation values, the annihilation rates and the e − -e + correlation function reveal that KPs can be regarded as a Ps cluster moving in the field of the neutral atom.
Introduction
The existence of exotic atoms, containing both electrons and positrons, has been a subject of investigation for 50 years. The first evidence for the existence of these exotic atoms (excluding positronium) was a variational calculation by Wheeler [1] , which showed that the positronium negative ion, i.e. Ps − was stable. Shortly after this, Ore [2] showed that hydrogen positride (HPs) was also stable. Both of these atoms have subsequently been the subject of numerous calculations and their binding energies and annihilation rates are now known with a high degree of precision [3] [4] [5] [6] [7] [8] [9] .
There have been numerous investigations of the possibility of binding positrons to negative ions (i.e. binding Ps to a neutral atom) or atoms since the seminal investigations of Ore and Wheeler. For example, there have been numerous calculations that have predicted Ps binding to halogen atoms [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . While none of these calculations were rigorous due to the very approximate nature of the calculations or the use of model potentials, the large binding energies and overall consistency of the predictions obtained by the many independent calculations have resulted in a considerable degree of confidence being attached to predictions of electronic stability for FPs, ClPs and BrPs.
The other elements of the periodic table have not been the subject of such intense scrutiny, although a recent series of diffusion Monte Carlo (DMC) calculations suggested Ps binding to Li, C, O and F [19] . A survey of the periodic table analysed the potential energy curves of A-H molecules in an attempt to deduce whether the A-Ps systems were electronically stable [20] . Positronium binding was indicated for all the alkali atoms with the exception of rubidium (for which inadequate data were available). The alkali atoms had also been the subject of ab initio calculations at the Hartree-Fock level. These calculations were not able to prove stability against decay into the lowest-energy dissociation channel, namely into A + Ps [21] [22] [23] .
In 1997, a rigorous calculation using the stochastic variational method (SVM) [7, [24] [25] [26] [27] [28] showed that the LiPs system was electronically stable [29] . This conclusion was somewhat ironic since it had been immediately preceded by two large-scale calculations that had not predicted binding [30, 31] . Concurrently with the SVM calculation, a DMC calculation had also predicted Ps binding to Li [32] . However, this DMC calculation gave a much larger binding energy than the SVM calculation and a smaller binding energy (in closer agreement with the SVM energy) was obtained in a later DMC calculation [19] . The existence of an electronically stable LiPs ground state immediately suggested that NaPs would also be stable. A modified version of the SVM which modelled the 10-electron Na + core with a Hartree-Fock wavefunction subsequently demonstrated that NaPs was stable [7, 33] .
The present work uses the fixed-core variant [7, 33] of the SVM to demonstrate the existence of an electronically stable KPs ground state. In addition, detailed comparisons with HPs, LiPs and NaPs are made to highlight the similarities and differences between these systems.
Details of the model
The calculations for KPs were performed with the fixed-core stochastic variational method (FCSVM). This method has been used in a number of previous calculations of positronatom and positronium-atom complexes. Since the details of this method have been described elsewhere [7] , only a minimal description of the fixed-core SVM is given here.
The SVM (and FCSVM) diagonalizes the working Hamiltonian in a basis of explicitly correlated Gaussian (ECG) functions. The success of the SVM is based on the fact that the Hamiltonian matrix elements for the ECGs are relatively simple to compute. This makes it possible to optimize the exponents of the large-dimension ECG basis using a trial and error procedure.
The Hamiltonian for the positron and valence electrons was
In this expression, r 0 is the positron coordinate, while r 1 and r 2 are the coordinates of the valence electrons. (Later in this paper we use r e , r p and r ep to denote the mean e − -nucleus distance, the mean e + -nucleus distance and the mean e − -e + distance, respectively). The direct interaction between the core and the active particles was computed from the K + 1s, 2s, 2p, 3s, 3p orbitals, which were taken from an HF calculation of the 3p 6 4s 2 S e ground state. The exchange interaction between the valence electron and the HF core was computed exactly with the only approximations being those inherent in using a basis set expansion.
The operator λP was constructed by summing over the orbitals occupied by the core electrons with
This acts as a projection operator to the core orbitals provided the positive constant λ is large enough [7] . The coefficient λ was set to 10 5 Hartree for the present calculations. The dipole polarizability for the K 2+ core was taken as 5.47 a 3 0 [34, 35] . Both one-and two-body core-polarization potentials were included in the calculation. The core-polarization potentials are
and
The sign of V 2pol is positive for electron-positron interactions and negative for electron-electron interactions. The cut-off function is
The cut-off parameter, ρ, was set to 2.10 a 0 by fitting a fixed-core Hartree-Fock calculation of K I 4s 2 S e ground state to the experimental binding energy [36] . The quality of the fit for the other levels can be seen from table 1 where the theoretical energy levels are compared with experiment. The binding energies of the s, p and f levels agree with experiment to within 2 × 10 −5 Hartree. The agreement of the 3d and 4d levels with experiment is not so good with the discrepancy for the 3d level being 1.5 × 10 −3 Hartree. There are many examples of semiempirical Hamiltonians such as the present being used to describe group I and II atoms. In general, the proper inclusion of semi-empirical polarization potentials is known to dramatically increase the ability of theory to reliably reproduce experimental energy levels and oscillator strengths [34, [37] [38] [39] [40] [41] [42] [43] . Fixed-core SVM calculations with and without polarization potentials were performed. The fixed-core SVM calculations without the polarization potentials are called the FCSVM model. The fixed-core SVM calculations with the polarization potential are called the FCSVM pol model. The FCSVM model calculation was primarily done to demonstrate that binding occurs irrespective of whether the semi-empirical core polarization potential is included. The core orbitals used for the core-exchange and λP interactions were taken from an HF calculation of the 3p 6 4s 2 S e ground state using a existing Gaussian-type orbital (GTO) basis [44] . Also, the polarization potential was constructed by approximating g(r)/r 3 with a linear combination of Gaussian functions [7] . The use of a Gaussian approximation to g(r)/r 3 changes the energy levels given in table 1 by amounts of the order of 1 × 10 −5 Hartree.
The KPs ground state
The FCSVM and FCSVM pol energies for KPs relative to the K + core are listed in table 2. The FCSVM and FCSVM pol energies for K have been computed to an accuracy of about −6 Hartree, while those for K − were computed to an accuracy of better than 10 −4 Hartree. The size for the K − basis was 320 and this basis was used to compute the FCSVM and FCSVM pol energies. The FCSVM pol electron affinity of 0.4924 eV is less than 2% different from the experimental electron affinity of 0.499 eV. [36] . b [45] . [7] . b [9] .
A total of 980 ECGs were used in the expansion of the KPs wavefunction. The FCSVM pol KPs energy has converged to an accuracy of about 25%. Although the KPs binding energy of 0.003 275 Hartree could be improved, the prediction of an electronically stable KPs ground state is rigorous with respect to the underlying model Hamiltonian. The prediction of binding was relatively insensitive to the fine details of the core Hamiltonian as the FCSVM and FCSVM pol models gave almost the same binding energy. It should be noted that the KPs wavefunction and energy are less well converged for the FCSVM Hamiltonian since the nonlinear parameters of the ECG basis were optimized for the FCSVM pol Hamiltonian.
Due to a number of factors, the optimization of the KPs wavefunction was very time consuming and took more than eight months of non-stop computation on a variety of DEC ALPHA workstations. The GTO expansions for the core orbitals were quite long and this slowed the evaluation of the core-exchange and projector matrix elements. In addition, the core projection operator leads to valence electrons having complicated nodal structures and thereby increases the dimension of the ECG basis. Our experiences with KPs and Zne + [46] would make us reluctant to tackle any heavier systems until the optimization process is improved.
Binding energies, 2γ annihilation rates and radial expectations for KPs, as well as HPs, LiPs and NaPs are given in table 3. There is a clearly observed trend for the binding energies to decrease as the parent atom becomes heavier. In conjunction with the decrease in binding energy was a tendency for the positron to be found further away from the nucleus. Examination of the convergence pattern for the radial expectation values and annihilation rates for KPs revealed that the FCSVM pol values had probably converged to their final values to within 2% or 3%.
Positron annihilation lifetimes
The two-photon annihilation rate tot for KPs can be computed from
In the above expression, δ is the expectation value of the electron-positron Dirac δ-function,
The annihilation rate tot includes contributions from the core electrons. The annihilation rate due to the core electrons is denoted by core . Before discussing the annihilation properties of KPs it is worth recapitulating what has already been learned from calculations of positron binding to neutral atoms. It had been noticed previously in studies of positron-atom bound states that the annihilation rate was largest for atoms with the smallest ionization potentials [47, 48] . For example, Nae + [7] and Lie + [7] had spin-averaged annihilation rates not much smaller than that of the Ps ground state ( Ps = 2.0 × 10 9 s −1 ). However, parent atoms with larger ionization potentials such as Bee + [7] and Zne + [36] had much smaller annihilation rates. A cluster model was advanced to explain this trend. Positron annihilation was most likely to occur when the positron formed part of a Ps cluster and annihilated with the electron in the cluster [47, 48] . The wavefunction is written as a linear combination of two terms,
The first term, (A)φ(r p ), represented a positron attached to the neutral atom core and had a relatively small annihilation rate. The second term, (A + )ω Ps (R), represents a positronium atom orbiting a residual positively charged core and should decay at a rate approximately equal to Ps . Cluster formation was most likely to dominate the wavefunction when the ionization potential was small since a strong and attractive electron-atom potential will inhibit the formation of the cluster.
In the present situation, where the positron is binding to a negative ion the wavefunction given in equation (8) can be modified transparently to
The alkali atoms have electron affinities (0.618, 0.548 and 0.501 eV) that are much smaller than the electron-positron binding energy of 6.80 eV. The cluster model would therefore suggest that these systems should consist of a tightly bound positronium cluster attached to the alkali atom with an annihilation rate close to Ps . The annihilation rates for LiPs, NaPs and KPs reported in table 3 certainly support the cluster model since none of them differ from Ps by more than 6%. The annihilation rate for HPs of 2.45 × 10 9 s −1 is apparently anomalous since it is 20% larger than Ps . This can be explained by comparing the relative sizes of HPs with the alkali positrides. The HPs system is by far the most compact of these species with r p = 3.57 a 0 . Therefore, the 'pick-off' annihilation rate should be larger for HPs than for LiPs, NaPs and Table 4 . The 2γ annihilation rates (in 10 9 s −1 ) for a number of exotic systems containing a positron. The column labelled ε lists the binding energy (in Hartree) of the most loosely bound electron to its parent system, while the column labelled parent specifies the system to which this electron is bound. [7] , b [49] , c [6] , d [50] , e [51] , f [48] , g [47] , h [46] .
System
KPs. Pick-off annihilation describes a process in which the positron in the Ps cluster annihilates with the other electrons in the system. Further support for the cluster model of positron annihilation is given in table 4 where annihilation rates are given for most of the exotic species that bind a positron. The Ps − , Ps 2 and Ps 2 O systems should all have prominent Ps clusters since they do not have any other constituents that have a strong interaction with the most loosely bound electron. All of these systems are expected to have, and are seen to have, annihilation rates (per positron) only marginally larger than Ps .
Computation of the annihilation rates for other atomic systems binding Ps, such as CPs, OPs, FPs and ClPs, could give further support for the cluster model. All of these species would be expected to have annihilation rates comparable to Ps . Unfortunately, none of the DMC calculations have reported annihilation rates on any of these systems and the earlier calculations on ClPs and FPs [17] would be expected to underestimate the annihilation rate since these calculations did not include any basis functions that specifically include the r ep coordinate.
Correlation functions
The electron-positron correlation function is defined as a probability of finding the electron and positron a distance R apart. It is defined as
The correlation function is normalized to the number of valence electrons, i.e. The correlation functions for HPs, LiPs, NaPs and KPs are plotted in figure 1 and compared with the correlation function for Ps. The wavefunctions for the HPs, LiPs and NaPs were the same as those reported in [7] . These correlation functions do not take the core electrons into consideration, so the right-hand side of the normalized integral equals 2.
The LiPs, NaPs and KPs correlation functions depicted in figure 1 show similarities with the Ps correlation function. The LiPs, NaPs and KPs correlation functions lie quite close to the Ps correlation function for interparticle separations of less than 2.0 a 0 . The peaks in the correlation function for Ps, LiPs, NaPs and KPs all occur between 2.0 and 2.5 a 0 . At larger interparticle separations, the presence of the second valence electron causes the correlation function to show significant differences with the Ps correlation function.
Further insight into the electron-positron correlations can be derived from where the Ps correlation function has been subtracted from the correlation functions for HPs, LiPs, NaPs and KPs. These residual correlation functions are clearly different from the Ps correlation function. These correlation functions do not show any obvious resemblance to the Ps correlation functions. The correlation function for KPs peaks at about 8.0 a 0 , roughly similar to the mean positron radius of KPs. This is the type of correlation function that would be expected to occur between two uncorrelated spherical probability distributions.
Radial expectations in a simple cluster model
Further evidence in support of the cluster model can be deduced from the radial expectation values of the system. Systems such as Nae + , He( 3 S e ) and Lie + revealed the presence of the cluster by having r e ≈ r p and r ep ≈ r ep Ps = 3.0 a 0 . The alkali positrides have two valence electrons so the analysis is a bit more complicated. It will be assumed that these systems are dominated by the (A)ω Ps (R) configuration. In order to make the discussion more intelligible the electron forming part of the Ps cluster will henceforth be called the cluster electron and the other valence electron will be called the spectator electron. We will try to demonstrate the presence of the Ps cluster by initially making some reasonable assumptions about the interparticle separations.
• The mean electron-nucleus distance of the cluster electron should be the same as the mean positron-nucleus distance.
• The mean electron-nucleus distance for the spectator electron should be the same as that of the parent atom ground state. For the hydrogen atom, r e = 1.5 a 0 , while for Li, Na and K the radial expectations of the 2s, 3s and 4s orbitals are used. The polarization potential was included in the Hamiltonian when the expectations were computed.
• The mean electron-positron distance for the cluster electron is 3.0 a 0 .
• The mean electron-positron distance between the positron and the spectator electron is deduced by assuming no correlations between these particles. Therefore, this expectation is approximately equal to r p . [7] , while FCSVM pol expectations were used for LiPs [7] , NaPs [7] and KPs. The column labelled r e PA gives the expectation of the valence ns orbital of the neutral atomic parent. ( r p + r e ).
The mean electron-positron distance is obtained by averaging r ep for the spectator and cluster electrons. This gives
The predictions of the cluster model reported in table 5 are in good agreement with the explicitly calculated expectation values reported in table 3.
Discussion and conclusions
Calculations have been performed that give evidence for the existence of an electronically stable ground state of potassium positride. Although the predictions of binding are rigorous within the framework of the underlying model, the use of a model Hamiltonian prevents the overall prediction of binding from being rigorous. However, the model Hamiltonian being used is known to accurately predict oscillator strengths for neutral potassium [34] and also predicts the electron affinity of K to an accuracy of better than 0.01 eV.
The KPs system has obvious similarities with the LiPs and NaPs systems. All have annihilation rates that are almost the same as the spin-averaged rate of the Ps ground state. There is a good deal of calculational evidence to suggest that the spin-averaged annihilation rate for positronium, 2.0 × 10 9 s −1 , represents a natural upper limit of the annihilation rate for these exotic systems containing a positron. The annihilation rate for a compact system such as HPs, can be slightly larger due to pick-off annihilation. However, it is difficult to conceive of circumstances where the spin-averaged annihilation rate (per positron) could exceed 2.5 × 10 9 s −1 since annihilation proceeds most readily when a Ps cluster is formed. At present the amount of experimental evidence for positron or positronium binding to any atom is minimal. Apart from Ps, the only systems that have been observed unambiguously in experiments are Ps − [52, 53] and HPs [54] . It is hoped that the current generation of reliable calculations predicting a rapidly increasing number of positron binding systems will stimulate renewed experimental effort on this topic.
